This paper presents empirical evidence and analysis that supports the existence of a significant heat loss mechanism resulting from air movement through cavities in party walls in masonry construction. A range of heat loss experiments were undertaken as part of the Stamford Brook housing field trial in Altrincham in the United Kingdom. Co-heating tests showed a large discrepancy between the predicted and measured whole house heat loss coefficients. Analysis of the co-heating results, along with internal temperature data, thermal imaging and a theoretical analysis indicated that the most likely explanation for the discrepancy was bypassing of the thermal insulation via the uninsulated party wall cavities. The data show that such a bypass mechanism is potentially the largest single contributor to heat loss in terraced dwellings built to the 2006 revision of the Building Regulations. A comparable convective heat bypass associated with masonry party walls was identified in the late 1970s during the course of the Twin Rivers Project in the United States, albeit in a somewhat different construction from that used at Stamford Brook. A similar effect was also reported in the United Kingdom in the mid 1990s. However, it appears that no action was taken at that time either to confirm the results, to develop any technical solutions, or to amend standards for calculating heat losses from buildings. Current conventions for heat loss calculations in the United Kingdom do not take account of heat losses associated with party walls and it is suggested by the authors that such conventions may need to be updated to take account of the effect described in this paper. In the final part of the paper, the authors propose straightforward solutions to prevent bypassing of roof insulation via party walls by for example filling the cavity of the party wall with mineral fibre insulation, or by inserting a cavity closer across the cavity in the plane of the roof insulation. Practical application: The heat bypass mechanism described in this paper is believed by the authors to contribute to a significant proportion of heat loss from buildings in the UK constructed with clear cavities such as those found in separating walls between cavity masonry dwellings. It is proposed that relatively simple design changes could be undertaken to eliminate such heat loss pathways from new buildings. In addition, simple and cost effective measures are envisaged that could be used to minimise or eliminate the bypass from existing buildings. Such an approach could give rise to a significant reduction in carbon emissions from UK housing.
This paper presents empirical evidence and analysis that supports the existence of a significant heat loss mechanism resulting from air movement through cavities in party walls in masonry construction. A range of heat loss experiments were undertaken as part of the Stamford Brook housing field trial in Altrincham in the United Kingdom. Co-heating tests showed a large discrepancy between the predicted and measured whole house heat loss coefficients. Analysis of the co-heating results, along with internal temperature data, thermal imaging and a theoretical analysis indicated that the most likely explanation for the discrepancy was bypassing of the thermal insulation via the uninsulated party wall cavities. The data show that such a bypass mechanism is potentially the largest single contributor to heat loss in terraced dwellings built to the 2006 revision of the Building Regulations. A comparable convective heat bypass associated with masonry party walls was identified in the late 1970s during the course of the Twin Rivers Project in the United States, albeit in a somewhat different construction from that used at Stamford Brook. A similar effect was also reported in the United Kingdom in the mid 1990s. However, it appears that no action was taken at that time either to confirm the results, to develop any technical solutions, or to amend standards for calculating heat losses from buildings. Current conventions for heat loss calculations in the United Kingdom do not take account of heat losses associated with party walls and it is suggested by the authors that such conventions may need to be updated to take account of the effect described in this paper. In the final part of the paper, the authors propose straightforward solutions to prevent bypassing of roof insulation via party walls by for example filling the cavity of the party wall with mineral fibre insulation, or by inserting a cavity closer across the cavity in the plane of the roof insulation. Practical application: The heat bypass mechanism described in this paper is believed by the authors to contribute to a significant proportion of heat loss from buildings in the UK constructed with clear cavities such as those found in separating walls between cavity masonry dwellings. It is proposed that relatively simple design changes could be undertaken to eliminate such heat loss pathways from new buildings. In addition, simple and cost effective measures are envisaged that could be used to minimise or eliminate the bypass from existing buildings. Such an approach could give rise to a significant reduction in carbon emissions from UK housing. Measurements of temperature in the loft of the first of these houses provided evidence of heat loss significantly in excess of predictions, and measurements of the surface temperature of the party wall provided an initial indication that this discrepancy was associated with the party walls. A review of these initial indications by the Project Advisory Group led to the extension of the second co-heating test.
List of Symbols
Results from this second extended test form the core of this paper. The slightly unusual structure of this paper broadly follows the chronology of the empirical and analytical work that was done in uncovering this heat loss mechanism. A full report on the post construction testing is provided in the Stamford Brook project interim report number 5. 4 
Dwelling form and construction
The Stamford Brook development consists of a mix of single-storey apartments and two-and three-storey houses, with the latter predominantly arranged in short terraces. A detailed description of the dwellings is contained in interim reports on the design and construction process. 5, 6 This section of the paper presents a short summary of the main features of the construction. The two dwellings used during this study were designated as Houses A and E. 
Walls including party walls
As noted above, walls were load-bearing masonry, with an inner leaf of 100 mm thick medium density blockwork (1400 kg m
À3
), a 142 mm cavity fully filled with mineral fibre and an outer leaf of 100 mm thick brickwork. Inner and outer leaves were connected structurally using glass-filled polyester wall ties. The U value calculated for this construction 4 is approximately 0.23 Wm À2 K À1 . The primary air barrier in the walls consisted of a sprayed and hand-applied parging layer, approximately 5 mm thick of cementitious material. 7 This layer was applied directly to the inside surface of the blockwork before the application of the final surface finish of plasterboard. 7 The parging layer was applied to all walls, including party wall and internal masonry partitions. Parging, together with improved detailing throughout the thermal envelope, training and site supervision has led to air permeabilities in the range 1.7À9.7 m 3 /(h.m 2 ) @ 50 Pa with a mean of 4.9 AE 1.8. This is less than half the leakage of typical domestic masonry construction in the UK. 8, 9 Party wall construction is a variant of external wall construction. The party walls b Difficulties in the recruitment of households have delayed the long term monitoring programme to 2007 but, fortuitously, this has provided the capacity for a more detailed investigation of the party wall heat loss issues discussed in this paper with further co-heating tests (incorporating a more detailed measurements) planned for the winter of 2006/07. c A co-heating test involves electrically heating the inside of a house to a constant temperature over a period of several weeks. Correlation of the measured electrical heat input with external temperature and solar insolation then allows an estimation of the total dwelling heat loss coefficient.
d House A is an end-of-terrace house with one adjacent house. House E is a mid-terrace house with two adjacent houses, D and F.
consisted of two leaves of blockwork, parged and plasterboarded as described above, separated by a clear, unfilled cavity. This cavity was 142 mm wide in the Bryant houses and 75 mm in the Redrow houses. Its primary purpose is to prevent sound transmission, particularly impact sound transmission across the wall. 10 This requires the cavity to be continuous and unbridged. The guidance provided in support of Part L of the Building Regulations for England and Wales 2, 11 recommends that heat loss across a party wall should be assumed to be zero. e This is based on the assumption that the temperatures of adjacent dwellings will be similar. The guidance makes no reference to limiting the flow of external air though the cavity.
f External and party wall constructions at Stamford Brook are shown in Figure 1 .
Roof Space
The roofs of Houses A and E were conventional trussed rafter constructions, insulated with 250 mm of cellulose fibre blown onto the loft floor. The roofs were covered with a low water vapour resistance underlay and interlocking tiles on wooden battens. This construction gives a nominal U value of 0.14 Wm À2 K À1 . Party walls rose through the unheated roof void, stopping a few centimetres below the roof membrane. The gap between the membrane and the top of the party wall was fire-stopped with mineral wool. The roof batten space was ventilated with a proprietary over-fascia vent at the eaves. The roof was fitted with a proprietary ridge vent, providing a continuous air path from the roof void to the outside. f The Building Regulations do limit the leakage of air from within each dwelling into the cavity through an overall limit on dwelling permeability.
Ground and intermediate floors
Ground floors were concrete slabs cast in situ on 100 mm of closed cell plastic foam insulation, giving a U value of approximately 0.17 Wm À2 K À1 .
Windows and doors
Windows were double glazed in softwood frames with a nominal whole window U value of just over 1.3 Wm À2 K
À1
. The same glazing was used in doors, in addition to insulated opaque panels. Table 1 and Figures 2 and 3 summarise the form and dimensions of the co-heating test houses.
Dimensions of the co-heating test dwellings

Methods of investigation
Co-heating test
A co-heating test involves heating the inside of a house to a constant temperature (typically 258C) over a period of at least Figure 2 Plan and elevation drawings for House A a week using electrical resistance heaters. Correlation of electrical heat input with external temperature and insolation then allows estimation of the total heat loss coefficient and effective solar aperture. The procedure was originally described by Palmiter et al. 13 A detailed description of the tests at Stamford Brook is presented by Wingfield et al. 4 A summary of the co-heating test rig is presented in Table 2 . The weather station installation at Stamford Brook is described in Table 3 . The weather station included instruments for the measurements of external temperature and solar insolation that were required for analysis of the co-heating test data.
Infra-red survey
A FLIR Systems Thermacam P65 model, with a 320 Â 240 pixel array, a thermal sensitivity of 0.08 at 308C and spectral range of 7.5À13 mm, was used to observe the surface temperatures of the main elements of both test houses during the co-heating tests. Imaging was carried out from both outside and inside the dwelling and also from inside the attic space.
Direct temperature measurements in party wall cavity
The temperature of the party wall cavity was measured with small datalogging Figure 3 Plan and elevation drawings for House E temperatureÀhumidity sensors attached to lengths of wire, pushed through the gap between the party wall and roof, and lowered down into the cavity to a predetermined level as described in Section 4.4. The sensors were Tinytag Ultra TGU 1500 dual channel temperature humidity sensors manufactured by Gemini Dataloggers Ltd, with external dimensions 72 mm Â 60 mm Â 33 mm.
Results
Predicted heat loss coefficients
Ventilation rates n were estimated using a variant of the 1/20 rule-of-thumb:
where 0.85 is an allowance for the protection provided by adjacent and nearby houses. Air permeabilities were measured before and after the co-heating tests. The results are set out in Table 4 .
Fabric heat loss coefficients were calculated from element areas and U values, junction lengths and linear thermal transmission coefficients. All heat loss coefficients g are summarised in Table 5 . 
Predicted versus measured heat loss coefficients
The primary results of the co-heating tests are scatter plots of the heat input needed to maintain a constant internal temperature versus the inside-outside temperature difference. All quantities were averaged over successive 24-hour periods. Figures 4 and 5 show both uncorrected data and data corrected for solar radiation. The corrected daily mean heating power (an estimate of the daily mean heating power at zero insolation h ) is given by:
where R is the effective solar aperture calculated by multiple regressions of daily mean heating power Q against inside-outside temperature difference ÁT and insolation S, with regressions forced through the origin. The results of these regressions are summarised in Table 6 . It is apparent both from Figures 4 and 5 and from Table 6 that measured heat losses were higher than calculated. In the case of House E, the excess heat loss was between 1400 and 2000 W over the period shown.
The calculated house-to-house U value of the party wall is 1.1 Wm À2 K À1 . With a temperature difference of approximately 5 K between House E and the adjacent dwellings, the predicted house-to-house heat flow would be of the order of 600 W. This is insufficient to explain the observed discrepancy between predicted and measured heat loss from House E during the co-heating test.
Surface temperatures of party walls in lofts
As noted earlier the first indication of anomalous behaviour in the test houses came from infra-red images of the party wall in House A. However, the clearest images were from House E. Some of these are shown in Figures 6 and 7 .
The key features of these images are:
the presence of a high temperature strip at the bottom of the wall, immediately above the insulation layer ( Figure 7 ) À this is consistent with the thermal bridge between loft space and the room below, caused by the blockwork bypassing the insulation on the loft floor; surface temperatures in the range 13À148C in the middle part of the triangle of blockwork À this was wholly unexpected; temperatures of around 178C in the top metre or so of the wall À again wholly unexpected; h Note that the correction is only used to improve the graphical presentation of the data. The heat loss coefficient is calculated directly from multiple regression of heating power against ÁT and S.
the higher temperature of mortar joints compared with surrounding blockwork, seen particularly clearly in Figure 7 .
Similar images were obtained for the other party wall in this loft (EÀD).
Extended time series including loft and party wall cavity temperatures
The final broad category of empirical evidence is provided by extended time series data including temperatures in the loft void and in the party wall cavity. The main extended data set consists of the following measurements made at 10-minute intervals over an 11-day period from 9 to 19 February inclusive: inside temperature; outside air temperature and insolation; the temperature in the loft void of test House E just above the insulation then at 1.0 m and 1.5 m from the top of the insulation together with single point temperature in the loft of House F for 4 days from 16 to 19 February; temperatures in the cavity of the party wall separating Houses E and D and E and F, at 0.5 m below insulation level and 1.0 m above.
Measurements were accompanied by further infra-red imaging. The daily mean temperatures over the 11 days are shown in Figure 8 .
The data from the three temperature sensors in the loft of House E indicate temperature stratification, with a tendency to higher temperatures towards the top of the loft with a mean of 15.18C at 1.5 m above the Temperatures generally were steady. 4 Loft temperature followed external air temperature closely and was largely unaffected by variation in insolation (eg, 10À12 February).
Following stabilisation of the internal temperature at around 278C, the attic space was, on average between 8 and 9 K warmer than the outside temperature over the test period (mean external temperature ¼ 4.88C). This difference is larger, by a factor of around 8, than the 1.1 K that would be predicted on the basis of a simple model of heat transfer described below. It should be noted also that the mean loft temperature in House F for the four days at the end of the monitoring period (9.98C) was some 3 K lower than over the same four days in House E. This is consistent with the fact that House F is an end-ofterrace with only one party wall, while House E has two party walls. The mean temperatures inside the attic party wall cavities ranged from some 218C below insulation level to 188C above the insulation level over the measurement period. The temperature difference between the cavity and the dwellings adjacent to House E would be associated with a heat flux of at most 500 W. House-to-house heat flux therefore accounts for less than one quarter of the difference between measured and predicted heat loss from House E and fails completely to explain the observed loft temperature excess. The high temperatures and temperature gradient in the cavity are consistent with an upward flow of warm air, heating the loft space via conduction through the leaves of blockwork and by the movement of warm air through gaps in the blockwork and through the junction between the party wall and the roof. The observed temperatures are broadly in line with both the infra-red data (Figures 6 and 7 ) and a set of preliminary measurements taken in the party wall between dwellings E and F.
Analysis and discussion of possible physical mechanisms
The results set out above suggest that the roof insulation in the co-heating test houses was being bypassed by heat flowing up the cavities of the party walls. The purpose of this section of the paper is to analyse the data in more detail to see whether it supports the thermal bypass model. Figure 9 shows two simple models of heat flows between the inside and the outside of a dwelling through the loft.
Comparison of expected and measured temperatures in the loft
Approximate values of the heat transfer coefficients are presented here: 
Solving the equation implied in Figure 9 (a) for T loft we get: Using the values for House E (Equations (3), (4) and (5)), the loft temperature can be estimated from Equation (7).
The implication of this analysis is that under the conditions during the eleven day period from 9 to 19 February illustrated in Figure 8 (mean T in À T out of 22.58C), we would expect the loft temperature to be within 1.1 K of the outside temperature. The fact that loft-outside temperature difference is almost eight times as great is clear evidence of one or more additional heat transfer mechanisms between the inside of the house and the loft. It is worth noting that the predicted loft temperature is strongly influenced by the assumed rate of heat transfer from the loft to outside, h roof covering . Our estimate for this coefficient, which includes the resistance of the loft void, is taken from BS EN ISO 6946. 15 The actual value is unlikely to be smaller than this. The size of the bypass coefficient L bypass required to explain the observed loft temperature can be estimated. Firstly we will define the temperature difference ratio for the loft:
With the observed temperature difference ratio of approximately 0.44
Since the additional heat loss takes place through the roof covering, it is natural to express it as an effective U value for the roof. This effective U value is given by:
This is more than an order of magnitude larger than the notional U value and a factor Figure 9 Simple models of heat flows through loft (assuming no heat transfer between dwellings)
i In accordance with this standard, A roof refers to the plan area of the roof. of 9 higher than the combined loss through the loft floor and the thermal bridges associated with eaves and junctions between party walls and roof insulation. The additional heat loss increases the total heat loss coefficient of the house by:
This is of the same order as the observed discrepancy in the total heat loss coefficient for House E given in Table 6 (78 WK À1 ). It is possible to postulate three bypass mechanisms:
air leaks through the loft floor; thermal bridging in addition to that already accounted for in relation to the eaves and party wall-ceiling junctions; heat transfer associated with the party wall.
In the case of the first possible mechanism; to account for the whole of the observed bypass coefficient via air leakage through the loft floor, the total flow of air between the upper storey and the loft would have to exceed the expected total background ventilation rate for the house by a factor in excess of 2. However, if half of the exfiltration from the dwelling passed though the roof, this would account for a quarter of the bypass coefficient. We consider it likely, though not certain, that the scale and possible concentration of air leakage paths that would be required to account for the local heating observed would have been detected with the infra-red camera. Similarly, if the second mechanism were to be significant, it is likely that unaccounted for conductive thermal bridging would be detected also in the infrared images.
We strongly suspect that the first two possible heat loss mechanisms account for part of the observed loft temperature excess. But the empirical evidence for them is weak and indirect and they are unlikely to account for the whole of the excess. We therefore turn to evidence for heat transfer associated with the party wall.
Evidence for heat flow from the party wall into the loft
The observation (Figure 7 ) that temperature of mortar in the party wall in the loft space was higher than the temperature of the surrounding blockwork is direct qualitative evidence that the direction of heat flow is from the cavity into the attic. This is because the conductivity of the mortar is roughly 50% higher than that of medium density concrete blocks (0.9 compared with 0.5 Wm À1 K
À1
). Based on the observed temperatures in the loft and party wall cavity and the calculated heat transfer coefficient through one leaf of blockwork, we estimate the total rate of conduction of heat into the loft space from both party wall cavities above the plane of the loft floor to be in the region of 50 WK À1 , where the driving temperature difference is given approximately by:
where T inD , T inE and T inF are the internal temperatures of houses D, E and F. This accounts for approximately 40% of the observed bypass coefficient. We therefore seek an additional heat transfer mechanism from the party wall cavity into the loft.
Empirical evidence for air flow from the party wall cavity into the loft
Direct evidence for air flow over the top of the party wall and into the loft space is provided by the infra-red images of high surface temperatures in the loft void adjacent to the top of the party wall À these temperatures are close to the temperature of air in the upper part of the party wall cavity itself ( Figure 6 ).
Indirect evidence for air movement up the party wall cavity is provided by: the fact that the air in the cavity below the plane of the loft floor is not in thermal equilibrium with the internal temperatures of the houses on either side À the temperature at this point is typically 2 K less than the mean of internal temperatures of the adjacent houses; the fact that, above the plane of the loft floor, temperatures in the party wall cavity tend to fall with increasing height; the observed stratification in the loft, with higher temperatures at the top, suggesting a warm air input into the loft void.
The presence of a gap connecting the top of the cavity directly to the loft void is crucial to this argument. It was not possible to measure the width of this gap directly, but it is clearly at least as wide as the Tinytag sensors (smallest dimension 33 mm) that were passed through it to measure temperatures in the cavity. Given that there is an equal gap on each side of the party wall, the total cross section of gap from the cavity into the lofts on either side is not appreciably smaller than the width of the cavity itself. The air flow path at this point is only blocked by the mineral wool firestopping, which is not an effective air barrier. 16 Once the air reaches the top of the party wall cavity, it is likely that most passes into the loft void. The continuity of the roof membrane across the party wall will prevent direct leakage to outside.
The rate of fall of temperature in the upper part of the party wall cavity can be used to estimate the speed of air moving up the cavity. Here we assume that convective flows within the cavity are weak and that air flow in the cavity is uniformly upward. Temperature in the cavity will fall as heat is conducted through the blockwork into the lofts on either side of the wall. The upward speed of air in the cavity is then given by:
The rate of fall of temperature in the upper part of the party wall cavity, under the conditions of the co-heating test, is approximately 0.8 K m
À1
.
With:
U cavityÀloft % 2:4 Wm À2 K
À1
and w cavity % 0:075 m we deduce that air moves up the party wall cavity at approximately 0.4 ms À1 . The mass flow up each cavity is assumed to split equally between adjacent lofts. Where, as in House E, a house has two party walls, the total volume flow into the loft is in the order of d Á w cavity Á v % 0:15 m 3 s
, where d is the depth of the house plan, 6.9 m.
The accompanying heat flow is somewhat more difficult to estimate. The temperature of air flowing into the loft was measured, but the temperature of air flowing out of the loft was not. If we assume that the quantity that we have referred to as T loft E represents the temperature of outflowing air, then:
ð19Þ The corresponding bypass heat transfer coefficient is given by:
Together with the 50 WK À1 derived earlier for conduction through the blockwork of the party walls into the loft, we have identified mechanisms that account for the whole of the 126 WK À1 bypass coefficient needed to explain the observed loft temperature excess. That most of this depends on air flow up the cavity requires us next to analyse the forces that might produce such a flow.
Analysis of bulk air movement in party wall cavity
The steadiness of the temperatures plotted in Figure 8 suggests that wind forces are not the primary driving force. The only other possibility is the stack pressure difference:
ðT cavity À T out Þ ðT out þ 273Þ % 4 À 6 Pa:
ð21Þ The corresponding air flow path would be: infiltration through the outer leaf of the external wall into the external wall cavity; movement past the firestopping at the junction of external wall and party wall cavities, into the latter; movement up the party wall cavity; movement through the firestopping at the top of the party wall into the loft.
Each of these stages will generate a resistance to flow. The easiest to analyse is movement up the party wall. This is a twodimensional problem, but to make progress we will assume this flow to be onedimensional.
The ASHRAE Handbook 17 Section 34 gives the pressure drop due to friction in a duct as:
where:
Re is the Reynold's number % 66400:D h :v f is the friction factor %0:11 "=D h þ ð 68=ReÞ 0:25 for the given range of Re L is the length of the equivalent duct " is the absolute roughness.
For flow in the party wall cavity:
(the above value is quoted for concrete ducts; 16 note that f is relatively insensitive to ").
On this basis, and with a flow speed of 0.4 ms À1 , the pressure drop in the party wall cavity is of the order of 0:2 pa ( ÁP stack .
Resistances associated with the other parts of the system are likely to be higher than this, but are impossible to calculate with any confidence. Based on estimates of the permeability of masonry walls published by Lecompte, 18 the pressure drop across the outer leaf and cavity of the external wall appears likely to be the largest, and could amount to 4 or 5 Pa.
If this is the case, then the party wall cavity operates as an isobaric plenum contributing around 2% to the total pressure drop across the system. This in turn implies that the neutral plane in the system is at the top of the party wall and that the pressure difference driving air into the party wall cavity varies approximately linearly with distance below the roof.
The length of the flow path in the party wall cavity from foundation to 2 nd floor ceiling in House E is approximately 7.5 m. The corresponding transit time is in the region of 20 s. Assuming that air enters the party wall cavity at outside temperature and that the flow is one-dimensional, the temperature of air in the cavity will rise exponentially toward "
T in , the mean internal temperature of the adjacent houses:
and
where: % w cavity ::c p 2:U houseÀcavity ð25Þ
With U house-cavity % 2.1 Wm À2 K À1 , % 22 s. We would therefore expect the temperature difference ratio in the cavity just below the plane of the loft insulation to be in the region of 0.6. The observed temperature difference ratio is approximately 0.89.
Effective party wall U value
There are a number of different ways of stating the additional heat loss at Stamford Brook. We have already noted that the effective roof U value in House E is approximately 1.8 Wm À2 K À1 . Given that the main thermal bypass mechanism appears to be associated with the party walls, the additional heat loss can also usefully be expressed as an effective party wall U value. House E has an extra heat loss of some 60 WK
À1
(Equation (16) ) and a total party wall area of 100 m 2 (counting both party walls). The effective single-sided party wall U value is therefore approximately 0.6 Wm À2 K
Relationship to earlier work
We have found three earlier pieces of work of relevance to this study. The first is a study of heat loss though insulated roofs reported by Anderson. 19 This study involved measurements of heat flow, temperatures and heat fluxes in the roof of a two-storey terraced house. Part of the roof was insulated with 80 mm and part with 100 mm of glass fibre between joists. For the purposes of this paper, the key result was:
''. . . a satisfactory agreement between measured and predicted heat loss, indicating that the standard calculation procedure gives a U value which represents a realistic estimate of the actual performance of an insulated roof. '' Measured U values were in most cases below predicted U values due to solar gain. The paper contains no indication of unusually high loft temperatures. Personal communication with Anderson indicates that the terrace was built in the 1970s, and that the party walls were constructed in cavity brick, changing to single brick above loft floor level. The apparent absence of a significant loft temperature excess would be consistent with this construction since the change to a solid wall would close the air bypass route.
The second is a study of experimental U values of house walls by Siviour. 20 Siviour measured heat flux through external and party walls using heat flux sensors. The resulting empirical U values for party walls ranged from 0.44 to ''about 0.85 Wm À2 K
À1
''. The value measured at Stamford falls into the middle of this range. Siviour also noted that:
''The suggested reason for the heat loss through the party [and internal walls] is the movement of cold air in their cavities. Significant air movement between the loft and the cavity of one of the party walls through incomplete vertical movement joints was detected using a small hand-held smoke generator of the type used in airtightness testing. '' The third is the study of energy conservation measures in the North Eastern USA at Twin Rivers. 21, 22 This study reported a significant thermal bypass between basements and attics associated with the walls of terraced houses (row houses). These party walls were constructed in single leaf masonry, but the individual clinker blocks from which the party walls were constructed were hollow resulting in a series of continuous vertical slots. Despite partial blockage by mortar, these slots allowed air to flow from the basement into the attics of the houses. The party wall bypass conductance for a midterrace house (two party walls) was estimated as 74 WK À1 . 21 The Twin Rivers research team was able partially to block the party wall cavities in the plane of the roof insulation and demonstrate that this reduced attic temperatures and overall heat loss: the reduction in the party wall bypass conductance was estimated as 60%. The air flow path in these houses differed from that at Stamford Brook, in that it did not involve a connection with the external wall. Nevertheless the flow was stack driven and its effect on heat loss similar to that observed at Stamford Brook. Recent investigations of actual U values in UK housing 23, 24 have reported significant discrepancies between predicted and measured U values of external elements, but appear not to have investigated heat losses associated with cavity party walls.
Conclusions
This paper has presented empirical evidence of a significant additional heat loss mechanism in terraced and semi-detached housing of masonry construction in the UK. This evidence comes from measurements made in a field trial of otherwise highly insulated mass housing at Stamford Brook in the winter of 2005/6. At its simplest, the evidence consists of observations of high loft temperatures observed during co-heating tests in two houses at Stamford Brook. It is independent of the quality of our subsequent speculation on possible causal mechanisms and is therefore robust.
For the house which was examined in the greatest detail (House E, a three-storey midterrace house with two cavity party walls), the effect would appear to add almost 60 WK À1 to the total heat loss coefficient. This is the largest single heat loss route in this house. It exceeds both the predicted fabric heat loss and the ventilation heat loss and exceeds the heat loss through the windows and doors by more than a factor of 2. The additional heat loss can be expressed as an effective roof U value. At 1.8 Wm À2 K À1 this is more than ten times higher than the notional roof U value. We conclude that the roof insulation is being bypassed by one or more heat transfer mechanisms. The evidence clearly indicates that most of the bypassing is associated with the party walls. The additional heat loss can therefore usefully be expressed as an effective party wall U value. The effective single-sided party wall U value is approximately 0.6 Wm À2 K À1 À more than twice the calculated external wall U value in these houses. Direct measurements of air speeds in the party wall cavity were not made, but a variety of indirect evidence and analysis indicates that most of the bypass heat flow is associated with stack driven air movement in the party wall cavities.
An obvious implication of this result is that heat loss from terraced houses at Stamford Brook is significantly higher than for detached houses of the same basic design. We do not know what proportion of the UK housing stock is affected by this mechanism, because the construction of masonry party walls has varied over the years. Party walls in the solid-walled stock are invariably of solid construction. Even in cavity walled construction, until the 1960s, it was not uncommon for party walls in loft spaces and gables to be solid. It is clear that the relative importance of the effect is greatest in dwellings built to the most recent energy performance standards which have resulted in significant reductions in fabric heat loss compared to the housing stock as a whole.
The most reliable estimates of stock mean internal temperature in UK dwellings are based on estimates of delivered energy input, space heating system efficiency and utilisation of free heat gains over the heating season are due to Shorrock and Utley. 25 Errors in specific heat loss will therefore have led to overestimates of mean internal temperature in house types with cavity party walls. Semi-detached dwellings are the easiest group to analyse in this respect, since most have been built since the advent of party wall construction. Shorrock , the internal temperature in this group will have been overestimated by approximately 0.88C. This is not so large a source of error that it would have been detected by comparison with spot measurements of internal temperature or with the limited stock of continuously monitored dwelling temperatures. It may, however, be significant in the context of arguments about trends in internal temperatures in UK housing.
It would be straightforward to prevent bypassing of roof insulation by party walls: for example by filling the cavity of the party wall with mineral fibre, or by inserting a flexible membrane or plastic sleeved cavity closer across the cavity in the plane of the roof insulation. Before widespread implementation, it would be crucial to confirm empirically the efficacy of such measures and their impacts on buildability and acoustic performance.
The identification and approximate quantification of this heat loss mechanism has emerged shortly after the publication of the 2006 amendment to Part L of the Building Regulations and its supporting documentation. In the UK context it is therefore fortunate that we can see no need to amend the new regulations. Amendment is however likely to be required in BS EN ISO 6946, 15 the SAP 2005, 12 the BR 443 conventions for calculating U values, 26 the conventions used in the calculation of the Dwelling CO 2 Emission Rate 2,11 and in supporting documentation for the system of accredited construction details that forms part of the wider regulatory framework for building energy performance in the UK.
The most important remaining scientific questions relate, in our view, to the nature of the air flow in the external wall and party wall cavities. We have estimated the speed of air flow in the cavity based on measured temperatures and on the assumption that flow is uniform, and have discounted the possibility of one or more convective loops within cavity. A full understanding of the observed phenomena requires direct simultaneous measurement of temperature and flow fields in both cavities. It is anticipated that the further work at Stamford Brook scheduled for the winter of 2006/07 will help to clarify these and other important issues.
